Abstract. Highly transparent and tough graft-interpenetrating polymer networks (graft-IPNs) were synthesized using an elastomeric polyurethane phase (PU) and a highly stiff acrylate-base copolymer phase. The grafting points between the two networks were generated with the purpose of minimizing the phase separation process of the polymeric systems. In order to generate the grafting between the networks, an acrylic resin capable of undergoing both free radical and poly-addition polymerization was employed. The thermo-mechanical properties, fracture toughness properties as well as network and surface phase morphology of the graft-IPNs synthesized were evaluated in this work. Data obtained suggested that the minimization of the phase separation was achieved by the generation of crosslinking points between both networks. High transparency was obtained in all samples as an indication of the high level of interpenetration achieved. The relative high values obtained for the fracture toughness tests suggest that generating chemical crosslinks between networks is a good approach for increasing the fracture toughness of polymeric materials.
Introduction
Over the past decades, polymer blends also known as multiphase polymeric systems have been employed in a broad number of design applications that require high resistance to fracture, a highly desired characteristic for virtually all engineering materials [1] . These polymeric materials became appealing due to their low density when compared with other engineering materials, due to the ability to synergistically incorporate properties of their individual components and achieve materials with better mechanical properties than the original constituents, as well as for their transparency [2] . The challenges with these multiphase systems are to improve their compatibility and interfacial adhesion between phases, so as to guarantee the desired performance of the final material. It is known that only a relatively small number of polymer pairs form miscible blends, mostly because of these blends have low entropy of mixing. Although the entropy of mixing favors the miscibility of a given system, it also depends on the number of molecules per unit volume. Thus, the higher the molecular weight of the polymers involved, the fewer molecules per unit volume and the lower the entropy of mixing. And since the heat of mixing of polymers pairs is generally unfavorable, polymer blends tend to macroscopically phase separate, leading to systems with poor mechanical properties [3] [4] [5] . In order to overcome this problem, many efforts have been made to find different ways to improve the miscibility of multiphase systems, one of this approaches involves the use of interfacial agents. These agents decrease the average domain size of the disperse phase by acting as steric barriers at the interphase [6] [7] [8] .
Another well-known method to minimize phase separation in a polymeric system is through interpenetrating polymer networks (IPNs). Mignard et al. [5] define an interpenetrating polymer network as a system constituted by two or more polymer networks partially interlaced on a polymeric scale but not chemically crosslinked. Different kinds of IPNs can be found based on the synthesis method; the two most common methods for their synthesis are sequential and simultaneous polymerization [5] . In the synthesis of IPNs, at least one of the polymers in the system is in the form of a monomer, and since most monomers are small molecules they have appreciable entropy of mixing. Also, the presence of physical interlocks give to the IPNs a more uniform phase structure than those of the parent polymer blends, leading to what is called forced miscibility, since the compatibility is not achieved by the mixing enthalpy or entropy [5, 9] . Nevertheless, IPNs usually present some degree of phase separation at some stage of the synthesis. For instance, it has been observed that synthesis of IPNs by simultaneous method results in phase separation [10] . Phase separation in sequential polymerization has also been observed, here, the entropy of mixing is lost during the second polymerization, due to the increase in size of the molecules as the polymerization continues [4] . In early works done by Chen et al. [11] and Fan et al. [12] they reported the implementation of a vinyl ester resin (VE) with a polyure thane network for the synthesis of simultaneous interpenetrating polymer networks. This VE resin was capable of undergoing both free radical polymerization as well as stepwise polymerization. Here the formation of crosslinks between networks was never the objective.
Furthermore, the generation of crosslinks was in fact avoided. Studies on the morphology showed clearly that more than one phase was present in the system, as a result of the phase separation between networks.
In the present work, we addressed the phase separation problem of IPNs by generating chemical crosslink points between two networks, thus, generating a class of IPNs called graft-IPNs as seen in Figure 1a .
The graft-IPNs synthesized in this work consisted of a highly stiff copolymer phase, which comprises bisphenol A bis(2-hydroxy-3-methacryloxypropyl) ether (BisGMA) resin and two acrylic monomers: methyl methacrylate (MMA) and triethylene glycol dimethacrylate (TEDGMA), and a soft, rubbery polyurethane phase (PU) with a high capability of energy absorption. The crosslinking of the two networks is accomplished by means of the BisGMA resin. This resin has terminal double bonds and secondary hydroxyl groups, which allows the resin to react with the acrylic monomers by radical polymerization, as well as undergo a polyaddition between the secondary (-OH) groups and the (NCO) groups of the isocyanate [13] [14] [15] , as seen in Figure 1b . The synthesis of graft-IPNs was carried out using the sequential methodology, where the PU phase was polymerized first. Then the copolymer, which was swelling the elastomeric phase, was polymerized in situ within the PU network. The thermomechanical properties, fracture properties as well as the phase morphology of the graft-IPNs were studied in this work.
Experimental 2.1. Materials
For the synthesis of the polyurethane phase (PU), two polyols were employed: 2-ethyl-2-(hydroxymethyl)- 1,3propanediol (TRIOL) from Acros Organics, (USA) and poly(tetramethylene ether) glycol (PTMG) average M n~ 650 and ~ 1400 g·mol -1 from SigmaAldrich, (USA). Both TRIOL and PTMG were mixed beforehand, through melting. The TRIOL and PTMG mixture was melted in an oven under strong vacuum to remove moisture. This procedure was employed for the different molecular weight PTMGs. The isocyanate used was hexamethylene diisocyanate 98.0% (DCH) from TCI, (USA). Two catalysts were used for the synthesis: dibutylin dilaurate, 98% (DD) distributed by Pfaltz and Bauer, (USA) and triphenylbismuth, 99+% (TB) from Alfa Aesar, (USA). Ethyl acetate was used as an analogue for both catalysts. The copolymer was synthetized using the bisphenol A bis(2-hydroxy-3-methacryloxypropyl) ether (Bis-GMA) from Esstech, (USA) and two acrylic monomers: methyl methacrylate 99% stabilized (MMA) from Alfa Aesar, (USA) or triethylene glycol dimetha crylate stabilized (TEGDMA) from TCI, (USA) (see Structure 1) while 2,2!-azobis(2-methylpropionitrile), 98% (AIBN) from Sigma-Aldrich, (USA) was used as an initiator.
Synthesis of graft-IPNs
The synthesis of the different graft-IPN systems was carried out in a single-step procedure. Both the copolymer phase and the PU phase were prepared separately at room temperature conditions. First, the copolymer was prepared by mixing the acrylic monomer (MMA or TEGDMA) with the BisGMA resin, keeping a mass ratio of 90:10 acrylate:BisGMA. The amount of radical initiator employed for the polymerization was 1 wt% of the total copolymer mass. For the polyurethane phase, the DCH was added to the PTMG/TRIOL mixture. The following ratio was used to synthesize all polyurethane networks, 0.19 eq TRIOL:0.12 eq PTMG: 0.31 eq DCH. In order to generate the crosslink points between networks, an additional quantity of DCH was added to the polyurethane precursor solution in a eq ration of 1:1 DCH:BisGMA. Then, the polyurethane precursors were added to the copolymer precursor solution. Following this, DD and TB were added to catalyze the polyurethane system. After mixing both solutions, all samples were placed in an oven at 40°C for 17 h after which the samples were transferred to a water bath where the temperature was raised to 60°C for 24 h and finally the temperature was raised to 80°C for 24 h. Several graft-IPN formulations were prepared following the above-mentioned procedure. The ratio of copolymer to polyurethane content changed from 90 wt% copolymer and 10 wt% PU to 50 wt% copolymer and 50 wt% PU, this was reproduced for the 650 and 1400 g·mol -1 PTMG methyl methacrylate based graft-IPNs, as well as for the 650 g·mol -1 PTMG triethylene glycol dimethacrylate based graft-IPNs.
Characterization of graft-IPNs
Fourier transform infrared spectroscopy (FT-IR) was done using a Thermo Scientific Nicolet™ 6700 spectrometer in attenuated total reflection (ATR) infrared mode. The analysis was carried out within the frequency range of 4000-400 cm -1 by co-adding 32 scans and at a resolution of 2 cm -1 . Dynamic mechanical analysis (DMA) on a TA Instruments RSA III was carried out to assess the thermomechanical properties by three-point bending. The tests were performed at temperatures ranging from -45 to 200°C with a heating rate of 5°C/min. The frequency was fixed a 1 Hz and a sinusoidal strainamplitude of 0.1% was used for the analysis. The dynamic storage modulus (E!) and tan ! curves were plotted as a function of temperature. The temperature at the maximum in the tan"! curve was taken as the T g . The E! at T g + 50°C was chosen as the rubbery plateau modulus, E R , for each system. The average molecular weight between crosslinks (M C ) for the 650 and 1400 g·mol -1 PU based systems was calculated using Equation (1), which is based on the theory of rubber elasticity [16] : (1) where " is the density of the sample; T is the temperature [K]; R is the universal gas constant, and E R is the storage modulus in the rubbery plateau at temperature T. Transmission electron microscopy (TEM) on a Zeiss EM 10C 10CR microscope was used to study the morphology of the different networks. Samples were prepared using Kato's osmium tetroxide (OsO 4 ) staining method, as described elsewhere
. All samples were stained for 48 hours prior to analysis. UV-Vis transmittance spectra were collected for the various ratios of MMA based copolymer to 650 and 1400 g·mol -1 PTMG based polyurethane. A UV-Vis 2450 spectrophotometer from Shimadzu Scientific Instruments was employed to acquire the spectra data. All samples were analyzed in the 900-400 nm range. Scanning electron microscopy (SEM) on a Zeiss EVO 50 variable pressure scanning electron microscope with digital imaging and EDS (were the graftIPNs were sputter coated with an EMS 550X auto sputter coating device with carbon coating attachment) was used to study the fracture surfaces of the 1400 g·mol -1 PTMG based system. In order to characterize the fracture toughness of the graft-IPNs synthesized, in terms of the critical stress intensity factor, KIC, quasi-static fracture tests were performed. The cured graft-IPN sheets were machined into rectangular coupons of dimensions 70 mm#20 mm and 2.8 mm thickness in case of 650 g·mol -1 PTMG methyl methacrylate based graftIPNs and 70 mm#15 mm and 2.8 mm thickness for 1400 g·mol -1 PTMG methyl methacrylate based graft-IPNs. An edge notch of 3 mm in length was cut into the samples, and the notch tip was sharpened using a razor blade. An Instron 4465 universal testing machine was used for loading the specimen in tension and in displacement control mode (crosshead speed = 1 mm/min). The load-deflection data was recorded up to crack initiation and during stable crack growth, if any. The crack initiation toughness or critical stress intensity factor, K IC , was calculated using the load (F) recorded at crack initiation. For each graft-IPN category, at least three sets of experiments were performed at laboratory conditions. The mode-I stress intensity factor for a single edge notched (SEN) tensile strip using linear elastic fracture mechanics is given by Equation (2) [18] : (2) where f(a/w) is calculated from Equation (3): where a is the edge crack length, w is the specimen width, B is the specimen thickness and F is the peak load. To characterize the tensile properties of graft-IPNs in terms of the elastic modulus, yield and ultimate stresses, quasi-static tension tests were performed. For quasi-static tension tests, the cured graft-IPN sheets were machined into dumbbell shaped specimen, which was inspired by ASTM D638 test method [19] . The size of the sheets that could be prepared precluded a complete adherence to ASTM standards. An Instron 4465 universal testing machine was used for loading the specimen in tension and in displacement control mode (crosshead speed = 1 mm/min). An extensometer with 0.25" gauge length was used to record the strain. The load vs strain data was recorded up to 7% strain for 650 g·mol -1 PTMG methyl methacrylate based graft-IPNs and up to 20% strain for 1400 g·mol -1 PTMG methyl methacrylate based graft-IPNs. Using the geometry of the specimen, stress was evaluated from load measurements to obtain stress vs strain data. For each graft-IPN category, at least three sets of experiments were performed at laboratory conditions. The elastic modulus was evaluated from the slope of the stress-strain curve at less than 2% strain. Scanning electron microscopy (SEM) on a Zeiss EVO 50 variable pressure scanning electron microscope with digital imaging and EDS (were the graftIPNs were sputter coated with an EMS 550X auto sputter coating device with carbon coating attachment) was used to study the fracture surfaces of the 1400 g·mol -1 PTMG based system.
Results and discussion 3.1. Analysis of FTIR measurements
In order to monitor the polymerization process of the polyurethane network infrared spectra were recorded. The analysis if based on the peak change of the functional group isocyanate (NCO) and acrylic double bond during the reaction time. The isocyanate absorption band is assigned at approximately 2300-2200 cm -1 in the mid infrared spectrum and its decay can be used to follow the conversion of the NCO ) was used as an internal standard as shown in Figure 2a , since its concentration does not change during the reaction. For the analysis it was assumed that there are no side reactions, and the isocyanate conversion was calculated as shown by Equation (4) [20] :
Isocyanate conversion (4) where A NCO is the integrated absorbance for the isocyanate group, A CH 2 is the integrated absorbance for the CH 2 group and (A NCO / ACH2 ) 0 is the relative absorbance extrapolated for time zero. All experiments were carried out at temperatures and times use for the synthesis of graft-IPNs. Figure 2b shows the results from the FTIR experiments and the corresponding NCO conversion curves. The samples analyzed by infrared spectroscopy were: 70:30 copolymer:PU graft-IPN, pure PU, PU+BisGMA and DCH+Bis-GMA. All samples were synthesized using the 650 g·mol -1 PTMG. From Figure 2b it can be seen that the PU network and the graft-IPN reached very similar conversion values after 3900 minutes of reaction. One can also notice that the conversion value for the NCO on the graft-IPN sample was close to 93%. For this sample in particular a NCO conversion above 82% is an indication of the reaction of the secondary hydroxyl groups present in the BisGMA resin with free NCO groups in the PU network. Since 18% of the total NCO present in the sample is added with the sole purpose of generating grafts between networks, this means that 62% of the total possible grafts were generated during the reaction time. Moreover, by analyzing these curves it seems that the presence of the methyl methacrylate monomer does not have a strong influence in the formation of the PU network in the graft-IPN system, since their conversion curves are practically overlapping. Figure 2a also shows how similar the PU+BisGMA and DCH+BisGMA conversion curves are. One could speculate that the secondary hydroxyl groups from the BisGMA resin are reacting throughout the entire reaction time and not only when the primary hydroxyl groups coming from the PTMG and TRIOL are depleted. Regarding follow up of the copolymer network formation, the conversion of the acrylic double bonds absorption band in the 1630-1650 cm -1 was monitored. Although since the data were gathered in the solid state rather than the liquid stated, the data collected was not sufficiently accurate to allow a proper determination of the final double bond conversion of the copolymer network present in the sample. The extent of reaction at the gel point was determined experimentally and theoretically for the samples under analysis. The latter was obtained using Flory and Stockmayer statistical approach to gelation as describe elsewhere [21] . From Table 1 it can be seen that the extent of reaction determined experimentally are really close to the theoretical ones.
Thermo-mechanical characterization
The variables studied in the present work included the ratio of copolymer to PU, the molecular weight of poly (tetramethylene ether) glycol (PTMG) and the acrylic monomer employed to synthesize the copolymer phase. The ratio between the di-to tri-functionalized monomers (PTMG:TRIOL) for the PU phase was kept constant, since it is related to the crosslink density of the PU network. The ratio between the acrylic monomers to BisGMA resin was also kept constant. The number of possible crosslinks between networks is bounded by the reaction of secondary OH groups present in the BisGMA resin and the free isocyanate groups present in the PU network. If the acrylic monomer to BisGMA ratio were to be changed, the moles of the latter resin would change, thus, altering the number of secondary OH group available for grafting. All variables under study showed a major impact on the storage modulus of the systems. However, only the ratio of copolymer to PU and the acrylic monomer used had a significant effect on the T g of the systems. Figure 3 shows the thermo-mechanical properties (storage modulus, E!, and tan !) of the graftIPNs synthesized using the 650 g·mol -1 PTMG as a function of temperature. In addition, Table 2 summarizes the results for all the different systems studied. For all systems under study, it was observed that as the copolymer content increased, the samples exhibited higher values for the storage modulus, E!; a highly expected result since the copolymer phase provides the stiffness to the system. Samples consisting of 90 wt% copolymer showed a storage modulus of 3.35, 2.73 GPa at 25°C for the 650 and 1400 g·mol -1 PTMG methyl methacrylate based graft-IPNs. While for the TEGDMA based graft-IPNs a value of 5.28 GPa at 25°C was obtained using the 650 g·mol -1 PTMG. Samples containing less than 70 wt% of copolymer showed inferior values for the storage modulus, which can be attributed to the elastomeric contribution of the PU phase. When comparing the systems with different molecular weight PTMGs, a substantial difference in the storage modulus was observed. As shown in Table 2 , the storage modulus values for the system using the 1400 g·mol -1 PTMG are inferior to those of the 650 g·mol -1 . This reduction in the storage modulus may be explained by the higher mobility that a longer macrodiol provides to the PU network [10] . When analyzing the storage modulus of the TEGDMA-based samples (see Table 2 ), it can be seen that the substitution of a single double bond monomer (MMA) in the copolymer for a monomer with two double bonds (TEGDMA) had a major impact on the storage modulus. Samples containing this dimethacrylate monomer had a tendency to present higher storage modulus than those synthesized using MMA. As described by Heatley et al. [22] , BisGMA-TEGDMA copolymers are characterized by presenting high degrees of crosslinking, due to presence of two double bonds in their chemical structures, which generated more crosslink points within the copolymer network, resulting in an increase in the crosslink density of the network. This increase in the crosslink density diminished to a certain extent the mobility of the network chains, increasing the stiffness of the system, thus, increasing the storage modulus of the samples. To corroborate this statement, the M C of the MMA and TEGDMA graft-IPNs were experimentally estimated by measuring the equilibrium storage modulus in the rubbery state, using the Equation (1) from the theory of rubber elasticity. The samples analyzed were the 70% copolymer content using the 650 g·mol -1 PTMG. The results showed M C values of 910 and 72 g·mol -1 for the MMA and TEGDMA samples respectively. As expected the dimethacrylate-based sample showed the lowest value for M C , which as stated earlier, provides an explanation for the higher values of storage modulus obtained for all TEGDMA-based samples over its MMA-based counterparts. Figure 3b , shows the plot of tan $ as a function of temperature for the MMA based graft-IPNs synthesized using the 650 g·mol -1 PTMG. In this graph, a maximum peak of the loss factor showed the characteristic relaxation associated with the glass transition temperature of the different systems under study. It was observed that as the weight percentage of copolymer increased in the samples, the maximum peak of the loss factor gained prominence and moved to higher temperatures. The narrow peak of the loss factor in the sample with 80 and 90% copolymer content suggested a high degree of miscibility. For the rest of the samples a broad transition with a shoulder related to the glass transition of the PU phase was observed in the curves, which it is characteristic of a partially miscible system. A similar peak in the loss factor for the 90% copolymer content was also observed for the composition using the 1400 g·mol -1 PTMG, as well as broader transitions for samples containing <90 weight percentages of copolymer. This suggests that several different relaxation mechanisms are present in the produced network, and they may be related to the nano-heterogeneity of the system [10, 17] . In the case of the TEGDMA-based graft-IPNs, all samples presented broad transitions, also suggesting a high level of heterogeneity in the system. However, in the case of dimethacrylates, the heterogeneity formed, as explained by Podgórsky [23] , results from highly crosslinked structures in which a broad distribution of micro-domains can be found. This kind of polymer networks have shown both loosely connectivity and highly crosslinked regions, as well as regions were unreacted monomer is present. This lack of homogeneity in the network structure has as a result the manifestation of a broad distribution of relaxation times due to the matrix mobility.
Network morphology
The network morphology of the graft-IPN was studied to corroborate the improvement achieved in the interpenetration of the two polymer networks as a result of the chemical crosslink between networks. Figure 4 shows TEM photos of sections cut from stained methyl methacrylate copolymer based graft-IPN samples containing 70% copolymer content with different molecular weight PTMGs at different stages of the curing process. Here, the dark zones correspond to PU regions, since the PU phase is the one that absorbed the dye, while the clear zones correspond to the copolymer phase. In general, the morphology presented by different IPNs is rather complex, since different competing processes may occur simultaneously during polymerization. In sequential polymerization; as is the case in this work, the formation of the first network has a major impact on the formation of the second, limiting the range of compositions and the material's final properties obtained by following this synthetic route.
As shown in Figure 4c , it appears to be a slight formation of PU domains for the 1400 g·mol -1 PTMG graft-IPNs at 60°C. As the curing process of the samples was finalized after 24 h at 80°C, the PU domains seemed to disappear (see Figure 4d ). This observation may be explained by further formation of crosslink points between the two networks by means of the reaction between the hydroxyl groups present in the BisGMA resin with the isocyanate groups present in the PU phase. These TEM pictures are a corroboration of the decrease in size of these domains by the formation of the aforementioned crosslinking points, which improved the system's miscibility, thus minimizing the phase separation between networks [10] . Furthermore, when comparing the two graft-IPNs with different molecular weight PTMGs, it can be seen from the TEM pictures that both systems presented a fine dispersion of both networks through the entire sample. This is attributed to the successful interpenetration of the two different networks at the molecular level [17] .
Degree of transparency
Transparency of the MMA based copolymer using 650 g·mol -1 PTMG samples synthesized was analyzed. The system presented a relative high degree of transparency, showing values of transmittance between 65 and 90%, as shown in Figure 5 . The same degree of transparency was also observed for the 1400 g·mol -1 PTMG based system. These results are also confirmation of the high degree of interpenetration achieved on both systems regardless of the molecular weight of the PTMG. There is no visible evidence of macroscopic phase separation in the samples studied, supporting the results shown in the plot of tan ! as a function of temperature.
Stiffness and fracture toughness
The stress vs strain plots obtained from the tension tests in case of 650 and 1400 g·mol -1 PTMG are shown in Figure 6a and 6b respectively. It can be seen that the modulus and the peak stress drops progressively with increase in PU resulting in no observed failure within the window of imposed strains. Table 3 shows results obtained for the quasi-static crack initiation toughness, K IC for the graft-IPNs studied. When both systems are compared, it can be seen that the graft-IPNs synthesized with the 1400 g·mol -1 PTMG have a slightly higher value for the quasistatic crack initiation toughness than those synthesized using the 650 g·mol -1 PTMG. Furthermore, it can be observed that both systems displayed the highest value of fracture toughness in samples with a 70% of copolymer content, suggesting that there is an optimum copolymer to PU ratio.
Determination of average molecular
weight between crosslinks (M C ) and its relation with fracture toughness The average molecular weight between crosslinks for the MMA based graft-IPNs was experimentally obtained by measuring the storage modulus in the rubbery plateau, E R , at 50°C above the glass transition temperature according to the Equation (1) from [26] , a linear correlation between the fracture toughness and M C was found. It was seen that as M C increased in the system the higher the K IC value became. Sherman et al. [27] attribute this to an increase in the free volume of the materials, which allows more space resulting in an increase of chain motions capable to accommodate the applied load. Nevertheless, linear correlation was not found for the system under study, the results showed that the K IC values did not increase as M C increased. This tendency holds true for both 650 and 1400 g·mol -1 PTMG based graft-IPNs.
Surface morphology
In order to study the fracture mechanics of the graft-IPN systems, SEM images were taken from samples used for fracture testing. Figure 7 shows the fractured surfaces of graft-IPNs samples with different copolymer to polyurethane ratios for the graft-IPNs synthesized using the 1400 g·mol -1 PTMG.
From Figure 7 it can be seen that regardless of PU content present in the samples, this factor does not have a significant effect on the surface area created were the fracture propagated through the material. When compared to previous work done by Bird et al. [17] , the authors were able to observe how an increase in the PU content in the system resulted in an increase on the surface area were the fracture propagated through the material. They also observed how the samples with a higher PU content had better fracture toughness values, which led them to correlate the surface area generated during fracture testing with the fracture toughness properties of the material. However, this correlation between an increase of surface area and fracture toughness was not observed on the graft-IPN systems. Although it was possible to see how samples with a copolymer content equal or superior to 80% show brittle fractures while samples under 80% copolymer content show did not show a brittle fracture. These results suggest that a different fracture mechanism is responsible for the improvement in the fracture toughness values presented by the graft-IPN.
Conclusions
In this study, a series of graft interpenetrated polymer networks consisting of a polyurethane and a copolymer network were synthesized. Where, the influence of the copolymer to PU ratio, molecular weight of the PTMG and copolymer's chemical composition on the thermo-mechanical and fracture toughness properties, as well as both network and surface morphology were systematically studied. As expected, the findings suggest that the toughenability of the graft-IPNs synthesized was highly dependent on all three aforementioned variables. It was found that samples comprising 70wt% MMA based copolymer and 1400 g·mol -1 PTMG based polyurethane presented the best combination of high E!, T g and fracture toughness of all systems under study. The network morphology studies showed that there is no clear domains in any of the samples analyzed, what suggests that phase separation was successfully minimized by the generation of crosslink points between the copolymer and PU networks by means of the BisGMA resin. The surface morphology analysis suggests that a different fracture mechanism is accountable for the improvement in the fracture toughness presented by the graft-IPN systems, since there is no clear correlation between an increase on the fracture toughness and an increase in surface area were the fracture propagated in the samples. Additional work is still needed for understanding the fracture mechanism accountable for the high crack initiation toughness showed by graft-IPNs.
